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THEORY OF OPERATION, DESCRIPTION

The general theory of the hydrogen maser is described
in the literature

KLEPPNER, GOLDENBERG, RAMSEY,

Theory of the Hydrogen Maser,
Physical Review 126, No 2 (1962)

KLEPPNER ET AL,

Hvdrogen-Maser Principles and Techniques,
Physical Review 138, No 4A (1965)

AUDOIN, € (in english)

The Hydrogen Maser as a Frequency Standard
Laborateoire de l'Horloge Atomic,
Equipe de Recherche du CNRS,

Bat. 221, Université de Paris-Sud,
91405 Orsay / FRANCE

and will not be repeated in detail here. Certain
aspects o©of the maser functioning will be covered in
this manual as a basis for understading the measurement
and setting of the various operating parameters.

4.1 MASER PHYSICS

The maser uses several physical atomic phenomena
for its action and characteristics

- H atoms in the ground state possess several
quantized energy states (levels) which can be
separated by the application of a weak
magnetic field (hyperfine splitting)

- if a population of atoms in a preferred
energy state can be selected and suitably
isolated they can be stimulated change from
their present energy state to another (allo-
wed} energy state by a quantum transition,
and in the process give up or absorbe energy,
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a photon is the unit of energy associated with the
process of release or absorption accompanying the
transition from cne energy level to another. The
energy levels are quantized and the photon fre-
quency corresponding to a given transition is
precisely related to that transition, and is the
same for all the atoms in that state

if an interaction volume contains a large majority
of atoms in a chosen state, the radiation (or
absorption) of photons will be at a coherent
frequency. The degree of coherence is determined
by the length of time the atoms remain in the
interaction volume. This dwelling or storage time
for atoms usually used in atomic resonators 1is
from a few milliseconds to a second or more. The
hydrogen maser storage time is about one second.

when a photon emission of an atom occurs and
irradiates another atom in the corresponding
energy state, that atom can change state and in
the process emit a coherent photon which in turn
will be available to stimulate ancther atom, and
SO on.

when the density of atoms in a volume is suffi-
cient, and when they can exist during their
storage time sufficiently unperturbed, the total
coherent energy available due to the stimulaticn
will build up until the whole population of atoms
in the wvolume will be participating in the pro-
cess.

The process can be sustained by replenishing the
volume with atoms in the preferred state, and
allowing the atoms having experienced transition
to escape.

the number cf the emitted photon is higher than is
necessary to stimulate the transition (here
emission}), and 1in this way the total c¢oherent
photon energy exceeds that necessary to sustain
the stimulation of emission. This excess will
eventually be dissipated in the surroundings of
the interaction volume. If the enclosure 1is
properly arranged, the excess of energy may be
removed and detected by a suitable receiver.
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This process of energy generation at a c¢ocherent
frequency 1is called Microwave Amplification by
Stimulated Emission of Radiation (MASER), and
depending upon the atom chosen will occur at a
precise frequency.

For the Hydrogen Maser, this unperturbed frequency
is

fH = 1 420 405 751.768 + 0.002 Hz

In practice, this frequency is perturbed by
interaction of the hydrogen atcoms with the walls
of the interaction volume container, doppler
effects, interactions between the atoms themsel-
ves, etc. The resulting freguency for the EFQS
Maser is taken to be

fo = 1 420 405 751.689 Hz

Separation of the atoms in the preferred state is
accomplished by a weak magnetic field which also
perturbs the hydrogen frequency by a factor

2750 H2

where H 1s in Oersteds. Thus the expected opera-
ting frequency of the maser may be defined as
2

fo = 1 4290 405 751.68%9 + 2750 H

(fo in Hz
H™ in Oersted)

As part of the hyperfine splitting of the ground
state, the population of atoms may also be stimu-
lated to make a transition at a low frequency.
This fregquency is directly proportional the
magnetic field (Zeeman frequency) and is given by
£, = 1.42 x 10°w
(£, in Hz
H in Qersted)




4/4

4.1.1 Maser elements

To achieve the conditions necessary for
MASER action, the following elements
must be provided

- a high wvacuum which allows the
atoms toc move freely in the
confined space

- a generator of atoms and state
- selector

- an interaction volume for contai-
ning the atoms during their transi-

ticn
- an electromagnetic structure
(rescnator) of sufficiently low

loss for extracting the energy

Refer to Fig. 4.1-1 for a mechanical
schematic of the EF0OS maser.

MASER CONSTRUCTION DESCRIPTION

The EFOS Hydrogen maser consists of the feollowing
elements.

Refer to Fig. 4.1-1.
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Dissociator, Fig. 4.2-1

Hydrogen, as found in its natural state, 1is a
molecule of two atoms (H,) which must be separated
by some means in order present the H atom in the
microwave cavity. This breaking down of the H
molecule into two atoms is accomplished in thé
dissociator where, in fact, the generation of H
atoms is part of an ionization process produced by
a high intensity RF signal. The plasma discharge
thus formed is dependent upon several important
parameters (values for EFOS maser)

aj pressure (0.1 to 0.2 TORR)

b} size of physical container (@ 6 ¢m x 8 cm)

c) level of RF excitation (6 to 10 watts)

d) collision effects between atoms, ions, walls

of the contalner, atomic cross-sections, etc.

The physical container for the discharge is a
cylindrial glass bulb one end of which 1s necked
to form a collimator for the hydrogen atoms
escaping the container (Fig. 4.2-1)

The glass bulb is in turn contained within a helix
which 1is an integral part of a resonator formed
with the dissociator housing. The plasma discharge
is formed and maintained by a RF power oscillator
(100 to 150 MHz) coupled to the helical resonator
via a tuned loop.

RF power oscillator

The RF power oscillator is a Clapp configuration
chosen for this application because of its ability
to oscillate and adapt to a varving load impedance
and the fact that circuit component values and
impedance levels are well suited for the frequency
range 100 to 150 MHz. The combination of oscilla-
tor and resonator makes it possible for the
discharge to be initiated without auxiliary means.
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State selector magnet

The state selector located between dissociator and
storage bulb 1is a gquadrapole magnet of usual
design.

The guartz bhulb

The gquartz bulb of about 4.5 1liters volume 1is
cylindrical in shape with hemispherical ends. This
inside of this bulb is coated with a thin layer of
teflon to minimize the interaction of Hydrogen
atoms with the bulb walls.

A resonant RF cavity

A resonant RF cavity contains the quartz bulb. The
cavity is made of aluminium and has an adjustable
end disc for setting the cavity rescnant frequency
to within a few kHz of the Hydrogen atomic resco-
nant freguency (1, 420, 405, 751 Hz). Fine tuning
of cavity frequency is accomplished by temperature
setting (~ +49°C}) and eventually electrically by
means of a voltage controlled varactor.

A single coupling loop mounted on the cavity wall
couples the maser energy to the receiver. Coupling
factor is chosen as a compromise for power ocutput
and load isolation.

The aligning magnetic solencoidal field (C-field)

The aligning magnetic solencidal field consists of
320 turns of fine copper wire wound on an alumi-
nium cylinder enclosing the cavity. A current of
lu A produces 8.2 U Oersteds. Nominal operating
C-field for the EFOS maser is in the range of
300 UQersteds te 1 m Oersted.

Heater system

Seven heating systems are used in the EF0OS maser,
to stabilize the microwave cavity, regulate the
hydrogen pressure for the dissociator, stabilize
temperature of the RF electronics.
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The temperature sensing element for each thermal
system is a thermistor and wheatstone bridge. A
preamplifier and power amplifier amplify the
bridge unbalance to provide a heating power
necessary to reduce the bridge unbalance toc zero
and thus stabilize the operating point at the
thermister value prescribed. These proportional
control systems function on DC signals throughout;
operational amplifier offsets and drifts are of
sufficiently low vwvalues as not to affect the
required thermal stability.

Final heating power contrel is obtained from a
pass—-transistor biased to regulate the heater
current, except for the two outer heaters (LO,
UQ). These heaters use power amplifiers which
provide an output derived from an AC duty-cycle
control proportional to the DC input to the power
amplifier. This mode of operation 1is more effi-
cient and requires less dissipative capacity in
the transistor and mechanical structure.

Refering to figure 4.1-1 heaters are disposed as
follows

{l) Lower - outer heater (LO)
{2) Upper - outer heater} on the bell-jar (U0}

(3) Lower - inner heater on the external (LI)
(4) Upper - inner heater} thermal shield (UI)

(5) Cavity heater (CAV)

(6} Upper vacuum feedthrcugh heater
{coax output of maser) (CALLE)

(7) Palladium pressure control heater

All heaters are provided with a proportional
contrel.

Besides the  Theaters, temperature control is
achieved in two ways :

al thermal shields, Fig. 4.1-1

b) an external vacuum system, § 4.2.2 below
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Magnetic shields

Shielding the maser cavity interaction space from
external magnetic £fields is important for maser
operation. The EFOS maser has 4 magnetic shields,
Fig. 4.1-1. Three of these shields are cylindric
and concentric to the C-field. An additional outer
shield 1s provided which also serves as the maser
housing. The shields are constructed of molyper-
malloy.

A demagnetization (de-gaussing) system is built
into the maser. This system allows passing a high
axial current through the C-~field aluminium
cvylinder, and is only necessary during the initial
construction of the maser, or after an important
change in external magnetic field (after shipping
and installing the maser, for ex.).

Vacuum chamber and pumping system

The maser vacuum system consists of two chambers

1) an outer vacuum envelope formed by the
bell-jar and containing all thermal shields
inner heating systems and RF cavity,

Fig, 4.2-2

2) an 1inner vacuum system which includes the
disscciator and the quartz storage bulb,
Fig. 4.2-3

Vacuum for the two systems is maintained by two
independent VAC-ION pumps of 20 1liters/second
capacity.

This technique has several advantages

a) high thermal isolation of the aluminium
cavity from the ambient temperature (thermal
gain » 10000)

b) long thermal time constants for the elements
within the vacuum envelope thus filtering
rapid ambient temperature changes. The time
constant is of the order of 24 hours

<) maser cavity 1is essentially independent of
ambient pressure

The pumping system also provides for external
pumping of inner and outer chambers and changing
of ION pump without losing vacuum, Fig. 4.2-2.
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Ion pump operation

Ion pumps operate by ionizing gas in a magneti-
cally-confined cold-cathode discharge. The mecha-
nisms which combine to pump virtually all gases
encountered in a vaccum system are

1) trapping of electrons in orbits by a magnetic
field

2) ionization of gas by collision with electrons

3) sputtering of titanium by ion bombardment

4) gettering of active gases by titanium

5) diffuction of hydrogen and helium into
titanium

6) dissociation of complex molecules into simple

ones for easy pumping (for example, CH, is
broken down inte C and H,). Hydrogen 1is
pumped separately and carbon “resides in solid
form, no longer part of the residual gas.

The pumping action is accomplished by an array of
cylindrical elements c¢onnected as the anode
between two cathodes made of titanium vanes. The
pump wall forms a third electrode and is at the
same potential as the anode, Fig. 4.2.8-1. The
entire assembly is contained within a transverse
magnetic field, and as such 1s call a Triode
(Noble) pump.

- pumping speed 1is dependent upcon pressure,
Fig. 4.2.8-2, and the gas being pumped, Table
4.2.8-1

CONTROL UNIT
— - -
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MULTICELL ANQDE

‘ ——PUMP WALL FORMS
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_—
-

Fig. 4.2.8-1 : TRIODE (NOBLE) PUMP
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PUMPING SPEEDS FOR COMMON GASES
RELATIVE TO THAT FOR AIR

AIR 100%
NITROGEN 100%
WATER VAPOR 100%
ARGON 24%
HELIUM 30%

TABLE 4.2.8-1

1077
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- vacuum_3system pressure should be below
1 x 10 TORR for the best ion pump starting
capability. -

Use of a turbomolecular pump is recommended

for start-up operation 1in order to avoid

contamination by oil.

The time for the pump to start and pump-down
will depend upon several factors :

condition of electrodes because of exposure
to air or moisture, leaks, outgassing,
presence of foreign material in the pump, and
hydrogen absorption into the titanium. The
latter characteristic is of importance in the
maser because of the predominance of hydrogen
in the pumping of the internal vacuum system.

- pump-down time required will generally
increse with age of the pump. During start-
up, pump heating causes release of water
vapor (if present} and some previously pumped
hydrogen which lengthen starting time.

Vacuum system valves

There are four valves in the maser which allow two
vacuum system manipulations :

1) attach an external turbomolecular pump to
either inner or outer vacuum system, or both
simultaneously

2} close the internal or external vacuum system

in the maser during ion pump replacement

These valves do not have to retain vacuum during
their actuation, and therefore are of the "gate-
valve"type. The wvalve mechanical structure 1is
designed so that the closing diaphragm is trans-
lated across the vacuum line, and then by means of
a cam and roller mechanism moved axially against
the wvalve seat. The mechanical linkage continues
its +travel for a short distance, creating a
locking action in the mechanism.

The action of passing the center-lock position is
felt in turning the knob on the valve.
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Hydrogen pressure regulator system

The hydrogen pressure regulating system uses two
basic elements to establish the desired pressure

1) PIRANI PRESSURE GAUGE

2) PALLADIUM VALVE

Piranli pressure gauge
Two physical principles are used in the operation
of the PIRANI gauge.

1) a metal wire increases in electrical resisti-
vity when heated

2) the thermal conductivity of a gas is a
function of the pressure

Between two bodies heat may be echanged by radia-
tion when a vacuum exists between them, or by
radiation and conduction when a gas exists between
them. In the PIRANI gauge used in the EF0S Maser a
resistive element is surrcunded by an enclosure
which is heated to a constant temperature. The
heat transfered to the resistive element, and
therefore its resistance, will depend on the
conduction between the heated envelope and the
resistance element. In this way, the resistance is
an effective indication of pressure.

Palladium valve

Palladium has the special property that when at an
elevated temperature it becames porous to hydro-
gen. The porousity depends upon temperature, and
in this manner the palladium can control the flow
of hydrogen in the system.

Pressure regulator

By using the resistance element in the PIRANI
gauge to control the heat in the palladium valve,
a simple pressure regulating system can be reali-
zed, Fig. 4.2-4.
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4.2.10 Magnetic field controller

The magnetic field (C-field) controller,
Fig. 7.11, is supplied from a regulated power
supply of 15 V ahd consists of a stable zener
reference and voltage - to current converter.

4,2,11 RF output signal isolator

The output signal isolator of the maser 1is a
circulator providing 30 &dB isclation to the
maser output. Access to one of the circulator
ports makes it possible to measure the maser
cavity £frequency, coupling factor, and Q with
negligible load change on the maser. The
cavity varactor voltage tuning characteri-
stics can be readily determined as well as
the cavity pulling factor. All of these
parameters are useful in evaluating the
performance characteristics of the maser.

RF OUTPUT

RF output from the EFO0OS maser is provided at the
hydrogen frequency 1 420 405 751 Hz through a tempera-
ture stabilized circulator, see § 4.2.11 above. Maser
output 1level is a nominal ~106 dBm depending on the
particular operating point of the maser (C-field,
dissociator pressure, magnetic homogeneity, etc.).

RECEIVER SYSTEM, Fig. 4.4-1

The EF0S receiver has been designed and constructed
with emphasis on low phase noise performance. This is
necessary in order to exploit to the maximum the maser
oscillator characteristics. Refer to figure 4.4-1 for
the receiver system block diagram.

The low noise amplifier at 1.46 GHz 1is acommercial

AVANTEK (N,F. = 2.8 dB). The multiplier is built at
OSCILLOQUARTZ SA and has typical characteristics
&9
A G € 1 RAD/®°C
and
sp= 1007 g7t 4 10713 £°

measured at 1.4 GHz and referred to 5 MHz.
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The multiplier is put in the temperature stabilized
maser head (thermal gain > 100) in order +to avoid
frequency change associated with temperature dependent
phase changes.

The frequency synthesis at 5.7 kHz has a noise at least
one order of magnitude below the measured performance
of the maser. Finally the 5 MHz isclation amplifier has

AS

@ < 0.1 RAD/°C

and is also hcocused in *the maser head for thermal
stability.

Frequency stability
Thecretical equation for maser frequency stability (see

for example REF 1) is given by the following asymptotic
egquation

1/2
+ ! X -1
Pryg Q2 T
where :
O'y(T) : two sample ALLAN VARIANCE corrected for

dead time of the measuring system
{see REF 2)
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EFOS PARAMETERS
Vo H H freguency
K 1.38 x 10743
T : Absolute bulb and
cavity temperature 315°K
PIN Power present ~13
inside the cavity 2.1 x 190 W
B Coupling factor 0.15
~14
BPIN = Pout =105 dBm = 3.16 x 10 W
F = Noise figure of the
RF amplifier 2,8 dB
fc = Cut-off frequency of
the measuring system 1 Hz
= : 9
Qg = H line Qg > 2 x 10
REF 1) P. Lesage, C. Audoin and M. T&tu,
Porced. of FCS 515-535 (1979)
REF 2) NBS Monograph 140

Time and Frequency Theory and

Fundamentals, p 166

- 190
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Receiver, phase-lock system

The receiver/phase-lock system is designed to synchro-
nize a 5 MHz crystal oscillator to the maser output-
signal. Since the hydrogen atomic £frequency is not a
direct multiple of 5 MHz, some method of synthesis must
be used to acceomplish the phase-lock. The EF0S Maser
system 1s illustrated in figure 4.4-1 and consists of
the following elements which are described below :

1)
2)
3)
4)
5)
6)
7}

4.1

RF section

Receiver section

Synthesizer

Phase detector and integrator
Frequency multiplier

Voltage controlled gquartz oscillator

Buffer amplifiers

RF section

The RF section contains the maser output
feeding the circulator. By terminating the
circulator third arm in 5?0 & load, the
circulator functions as an isolator protec-
ting the maser output from the effects of
load impedance variation. Alternatively, the
third arm can be use for interrogating the
maser cavity either to determine cavity
frequency or aid in maser evaluation.

The maser signal from the c¢irculator 1is
amplified in a broadband amplifier (about
30 dB). Then passed through a narrowband
filter to the first mixer-preamplifier. The
narrowband filter serves to suppress noise
from the image frequency presented to the
first mixer. A 1440 MHz, 1 mW local oscilla-
tor signal from the frequency multiplier is
applied to the mixer which then outputs a
19.594 MHz IF tc the receiver section via an
IF preamplifier. For a maser signal of
-105 dBm the 19.594 MHz level is about
-60 dBm.
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Receiver section

The receiver section serves four functions.

1) down converts the 19.594 MHz IF to the
5.751 kHz PLL comparison signal

2) provides a 10 MHz reference signal to the
synthesizer

3) provides a 5 MHz TTL output signal from the
maser

4) provides a 5.751 kHz receiver mcnitoring
output

The 180 MHz signal from the frequency multiplier
is divided by 9 to 20 MHz and mixed with the
19.594 MHz input from the RF section, Fig. 4.1...
The resultant 405 kHz signal is amplified and
again mixed with a 400 kHz signal divided again
{(by 50) from 20 MHz. After amplifying and filte-
ring. The derived 5.7 kHz signal is fed to the
phase detector.

The 20 MHz signal is divided by 2 and fed to the
frequency synthesizer; this 10 MHz signal 1is
further divided by 2 to provide 5 MHz buffered TTL
from the maser.

A 5.7 kHz envelope detector provides the receiver
monitoring output.

Synthesizer

The synthesizer is a 9-digit dividing logic system
which divides the 10 MHz reference to produce the
5.751 kHz phase lock loop comparison signal. The
last 6 digits of the divider are variable by means
of a remote digital switch. The first three digits
of the divider are fixed. One unit change in the
last digit of the sygigesizer changes the maser
frequency by 4.7 x 10 parts, Fig. 4.4-2 gives
details of the dividing factors.

Phase/frequency detector and integrator

The PLL uses a digital phase/frequency detector.
The frequency descriminating characteristics of
this type detector are desireable because initial
conditions can result in a 5.7 kHz beat freguency
which may be 100 Hz, or so, from the nominal
vaiue. The frequency discriminator action of the
detector will steer the oscillator frequency to
obtain a phase-lock acguisition.
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SYNTHESIZER
fin —1 _ — foyr
- 2N
81619 31019181212 - N
\_._,__V—._/
FIXED ——— 1 UNIT = -4.658 1015
.. Dy 1k
E] - 10'13
s - 10712
= - 10'11
= - IRTR
Synthesizer £ = fin
¥ € out 2N
. = fin
A e = =, x 4 N (for small A N)
2N
Afout _ fin
3 X AN
fH 2N fH
fH = hydrogen maser frequency = 1420405751, 6893 Hz
_ 7
fIN = 10 Hz
N = 869.309822
AN = 107°% (last digit)
Af = ~4.658 x 107%° for one unit in last digit
bl
H

Fig. 4.4-2 : SYNTHESIZER DIGITAL FREQUENCY CONTROL
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At lock, zero phase and frequency difference exist
between reference and oscillator frequency. The
digital sequential logic circuitry responds to
transitions in the twe input waveforms, therefore
phase error is independent of input waveform duty
cycle or amplitude variations.

The integrator following phase detection provides
the DC gain and filtering characteristics neces-
sary for the PLL response characteristics desired.

An auxiliary circuit wuses the phase detector
output to provide a phase-lock indication signal
which is diaplayed as green (lock} or red (uniock)
on the monitor receiver panel.

Frequency multiplier

The frequency multiplier multiplies the 5 MHz VCXO
output to the 1440 MHz used as local oscillator in
the RF section mixer/pre-amplifier. The multipli-
caticn (x288) is accomplished in two sections,

lst Section : 5 MHz to 180 MHz (x36) by
three stages of balanced
transistor multipliers
x 4, x 3, ® 3. These stages
use the balanced transistor
configuration in order to aid
harmonic rejection at the
multiplier stage output.
Selected low-noise transistors
and emitter degeneration are
used to obtain low 1/f ncise
performance.

2nd Section H 180 MHz to 1440 MHz by means
of a step-recovery diode. The
diode is self-biased and
produces 0 to +10 dBm output
power. A bandpass filter at
1440 MHz output provides
suppression of 180 MHz fre-
guency components.

An auxiliary 180 MHz output signal is derived from
the 1lst section as pilot for the receiver down-
converting system.
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4.4.6 Voltage controlled gquartz oscillator

The voltage controlled quartz oscillator is a
standard model B-5400 manufactured by OSCIL-
LOQUARTZ SA. Output is a 5 MHz with low phase
noise. The oscillator output, within the PLL
passband frequency 1is determined by the
characteristics of the maser output and the
frequency multiplier.

4.4.7 Qutput buffer amplifier

The 5 MHz buffer amplifiers consist of an
cascode stage and a emmitter follower comple-
mentary pair output amplifier. These ampli-
fiers are untuned in order to minimize phase
variations with temperature and provide the
best phase tracking characteristics.

MONITORING TRANSMITTER

Remote monitoring of 30 maser parameters is provided by
a digital data transmitting system, Fig. 4.5-1, monito-
ring transmitter block diagram.

A voltage analog is derived at each test point in the
maser which represents the measured value converted to
a scale factor (for example, the 2004 A C-field full
scale current 1s represented by a 4 V signal to the
monitoring transmitter). Figure 4.5-2 contains a
summary o¢f full scale monitored values and scale
factors.

The normalizing filter output is led to a digital
multiplexer which is segquencially scanned by a clock
input. Multiplexer output is then converted to BCD data
and serial output for transmitting to the remote
monitoring receiver via an opto-coupler and line-driver
for eventual de-coding and presentation in the monitor
receiver,

The clock sequency signal is also transmitted to the
remote receiver via an opto~coupler and line-driver for
eventual use in de-coding in the monitor.

Time for a complete data channel scam is about 320 p s,
Fig. 4.5-3.
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MASER ELECTRICAL SYSTEM BLOCK DIAGRAM

The maser electrical system block diagram 1s shown in

figure 4.6-1 =

HYDROGEN MASER PHYSICAL PARAMETERS

The following summarizes the hydrogen
associated with the EFQS.

-1. Frequency of oscillation

fo = 1420405751.689 Hz

-2. Magnetic field dependence
2

th = fo + 2750 H

fo 1420405751.689 Hz

Il

-3. Zeeman frequency

fz = 1.4 Hz /u QOersted

—-4. (C-field calibration

8.2y Oersted /u A

~-5%. Wall shift

maser parameters

f in Hz
H in Oersteds

16.4  Oersted / monitor digital unit

Fo<2x 107H
Cc
-6. Cavity pulling factor QH
Where : Qc = Cavity quality factor
QH = Maser line Q
- Qc -
1 x 10 5 < QH < 2 x 10 5
where Qc = 32 k for EFOS and QH depends upon

hydrogen pressure.
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Cavity temperature coefficient

_ - -5 [
Afc/fc = 2.5 x 10 7/+1°C

Dependence upon
external magnetic field perturbation

Afm = 5500 H x AH

fm fm

AHm = A H ext X magnetic attenuation
Attenuation factor =+ 5000

fm = maser frequency

H is in Qersteds

Oscillation threshold 3 < 100 uQersted

Residual magnetic field < 20 pOersted
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PERFORMANCE CHECK PROCEDURE

5.1 INTRODUCTION

Operating performance checks on the maser involve
two aspects

L)

2)

- output frequency stability
(short term and long term)

- internal operating parameters

Output freguency can only be checked by using
other frequency standards of adequate stabi-
lity and precision. Such measurements and
their necessary auxiliary equipment are
outside the scope of this manual, except as
described in the operators instruction
section (spin exchange tuning}.

Internal operating parameters are readily
checked by the maser monitoring system,
except for the hydrogen bottle pressure.
Under normal operating cenditions, the
following parameters may be expected to
change with time

a) hydrogen bottle pressure due to utili-
zation hydrogen

b ion pump current due to pump aging

c) VCX0 control voltage due to gquartz
crystal aging

Other parameters may be expected to change

according to the ambient temperature

- all heater voltages

5.2 OPERATING CHECKS

Operation of the maser should be checked pericdi-
cally by wsing the monitoring system. Reading
should be noted in the log-book.

For those parameters which are expected to change
with time as mentioned above
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c}
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Hydrogen bottle pressure

The hydrogen bottle pressure for normal maser use
will decrease about 10 atmospheres per year.
Bottle pressure can be checked by removing the
rear cover of the vacuum manifold compartment,
Fig. 1.1 (@) 2.1; 2.2

After the maser is transported, it is recommended
that the hydrogen system leak test described in §
2.4.2.b) be performed.

PLL VCX0O control voltage

The B-5400 guaxtz oscillator has a nominal aging
rate < 3 x 10 per vear. The nominal range _9f
voltage control for the oscillator is + 1 x 10 ,
therefore about three vyears operation should be
possible before the voltage contrel range 1is
exceeded. Bias voltage on the oscillator control
ig 5 Volts and when monitoring indicates a 1 Volt
departure from this wvalue the oscillator coarse
frequency control should be adjusted.

Ion pum

The expected life of the ion pump is 2 to 3 years
at the pressures existing in the maser. Further-
more, the pump current of the internal vacuum
system depends on the pressure of the hydrogen
system. From scme initial value < 600pu A the pump
current will gradually decrease until a steady
value of some 100 pyA is reached. Pump failure will
be noted by an increase in pump current and a 1loss
of vacuum in the maser.
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ADJUSTMENTS AND MEASUREMENTS

Measurements of the various parameters of the maser can
be divided into two categories

a)

b}

This
must

basic measurements of the physics or electronics

elements which do not change with time or +the

replacement of another components.

Example : the cavity frequency vs temperature
coefficient.

those measurements which must be repeated when

some parameter or element of the maser is changed.

Example : receiver output vs input

section covers measurements and adjustments which
be made when certain modules are changed,

RESUME OF MEASURED PARAMETERS

The maser log book contains the following data

-1 nominal operating values read out on monitor
and control panel

-2 receiver calibration

-3 maser output vs C-field, threshold

-4 Zeeman frequency |

-5 line Q (Qyp}

-6 cavity Q (Qc)

-7 cavity coupling factor, B

-8 test point voltages on heater pre-amp

-9 heater test point reading at cavity tempera-
ture setting
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-10 cavity pulling factor
-11 dissociator pressure setting
~12 cavity thermistor temperature coefficient

-13 cavity tuning voltage - frequency calibration
curve

-14 spin exchange tuning data

-15 inner vacuum system minimum pressure {ion
pump current minimum)

Certain of the measurements depend upon the
physical construction of the maser and will not
vary with time, or as a function of other para-
meters. They are

-6 cavity Q
-7 cavity coupling factor

-12 cavity thermistor temperature coefficient

TROUBLESHOOTING, REPAIR OF MASER

The test data summarized in § 6.1 is useful in
troukbleshooting the maser. In addition, certain
tests and adjustments must be re-done and noted in
the 1log book when repairs of replacement of
modules is made. They are

Replacement of receiver

Receiver calibration, see § 6.2.1

Demagnetization

al maser output vs C-field threshold measure-
ment, see § 6.2.2

b} Zeeman frequency, see § 3.11

Replacement of heater preamplifier module -

a) Lo, U0, LI, UI, DALLE heaters. Test point
voltages on heater preamp, see § 6.2.3
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b)

c)
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for cavity temperature setting

- heater test point reading at cavity
temperature setting

- cavity thermistor temperature coeffi-
cient, see § 6.2.3-2

cavity frequency setting

- spin exchange tuning, § 3.11.5

For adjustment of cavity tuning see § 6.2.3

Replacement of dissociator

maser output vs C-field, see § 6.2.2
dissociator pressure setting

inner vacuum system minimum pressure, see
§ 7.2.5-4

Receiver calibration

The receiver should be calibrated in the maser and
at the operating temperature of the maser head
electronics compartment. Proceed as follows

install the receiver, § 7.3.5.3-2, Fig. 7.4

disconnect the maser output coax ()
Fig. 7.4, at the maser

L

connect a 10 dB attenuator on the ccax C),
going to the circulator and an external coax
going to the signal generator, Fig. 6.2.1-1.
This coax should be lend through the demagne-
tizing access holes on the electronic com-
partment and cover of the maser head . .
Fig., 7.2. Place the insulation also in order
to keep the thermal environment the same. It
will not be necessary to close the upper
cover and magnetic shield panel , Fig, 7.1
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-4. wait for the compartment temperature +o
stabilize (1 hour). Connect an oscilloscope
to the 5.7 kHz coax output, Fig. 7.4, and a
digital wvecltmeter (10 V F.S.) to the control
panel @D , Fig, 1.3, 5.7 kHz output

-5. set the signal generator to the maser fre-
quency and level, Fig. 6.2.1-1, and record
5.7 kHz ocutputs for signal generator power
levels from -80 &Bm to 110 dBm

NOTE

The attenuation of the cable and
attenuator should be calibrated by
making a separate measurement using
a power meter.

Maser ocutput vs C-field, threshold

Connect a_gdigital voltmeter to "C-field" current
measure r Fig. 1.3, and to "aMP 5.751"
Fig. 1.3. Use voltmeter full-scale at least 5 V.

r

Vary C-field from zero to max (250 MA} and measure
measer signal, record, and make a plot.

Near a C-field current of 0, oscillations will
cease. Determine this threshold as fcllows

- reduce C-field current slowly or 1in small
steps {e.g. 5  A) until maser cutput signal
rapidly drops to zerco. Note C-field current.

- increase the C-field in small increments, and
wait several minutes at each step. Note
C-field current when oscillations are re-
established.

The threshold of oscillations is between these two
C~field current values, and should be less than
20 v A, If the threshold i1s greater than 50 y A,
the demagnetization cycle should be repeated.
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Temperature setting

Replacement of the heater preamplifier circuit
card will necessitate setting the operating point
temperatures according to the values already
established.

-1.

Outer heaters operating point setting

—————— ——————— = Ty e b o e e e ik il A A S ———

L0, UO, LI, UI and DALLE temperature proceed
as follows

a) energize circuit card with input power
control switch on position "HEATERS" .
Fig. 1.3

b) measure;, with a high impedance voltme-

ter, the voltage on preamp test points
(Dwg 8002-30-24-1152) and set values
noted in log book :

TPI - LO
TP2 - uo
TP3 - LI
TP4 - UI
TP5 - CAVITY

{NOTE : further adjust-
ments of cavity will be
needed, see -2. below)

TP6 - DALLE

c) check heater voltages on monitor to
assure that heating systems are working.
Wait wuntil all heating systems are
regulating before proceeding (this may
take from several hours to several days
depending on the initial temperature of
the cavity).

Cavity temperature / frequency setting

After heaters are turned on, monitor cavity
heater voltage "ADDRESS-15 CAV" on monitor
display

a) wait until heater regulates and 1is
stable

b) connect a digital voltmeter to the "TEMP
CavV" c¢oax on control panel @) '
Fig. 1.3. This peocint will be used in
subsequent  adjustments to determine
cavity temperature
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c) connect a voltmeter as indicated in
6.2.3-1 {(b) above to TP5-CAVITY on the
heater preamplifier c¢ircuit card C) '
Fig. 7.6, Dwg 8002-30-24-1152

d) voltage measured on "TEMP CAV" test
point should be 0 + 40 mV (voltage/
temperature coefficient = 4 V per °C) or
in other words, cavity temperature must
be within + 0.01° of set value

e) obtain temperature - voltage coefficient
from the logboock for setting voltage on
TP5, and correct this voltage 1in the
sense to cause the cavity temperature
voltage indication to approach zero.
Make small increments in pot setting f(a
few millivolts each time) and wait at
least one hour or until assured that the
set value 1s stabilized on cavity
temperature.

£) check the cavity temperature operating
point by making a spin exchange tuning,
§ 3.11.5. Cavity varactor voltage for
frequency set point should be 3 + 1 V.

gl if cavity varactor voltage for spin
exchange tuning is not within the range
(f), use voltage, frequeny and tempera-
ture cocefficients as a guide to changing
cavity temperature to obtain the regui-
red spin exchange tuning point.

h) record final values

TP5, cavity varactor voltage, tempera-
ture monitor readings in the lcg bock

Dissgciator RF cpscillator adjustment

This is a one-time adjustment and should be made
when the RF-oscillator module is replaced or when
the dissociator is changed and the RF oscillator
module 1is not changed. The procedure is slightly
different in the two cases; however, the maser
must be operating in either case.

-1l. Oscillator module replacement

a) set dissoclator pressure to normal value
specified in log-book
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b) disconnect the "RF" cable on the interconnecting
cable panel , Fig. 7.13, in the electronic /
control module (module must be slid out of maser
housing)

c) connect an adaptor (two wires}) from the cable
connector to a D.C. power supply 0 - 30 V adjust-
able, 1 A current limit in order to energize the
oscillator from this external supply

d) the front panel on the vacuum manifold compartment
will normally be removed for changing the RF
oscillator module thus giving access to the
oscillator tuning control (capacitor) on the
mounting plate ©f the oscillator. This capacitor
should be located by reference to the D.C. feed-
throughs so that its relative position is known
after installation and that it can be readily
engaged by the tuning screwdriver.

(Dwg 8002 - 40 - 22 - 1197)

e) set power supply DC to zero, turn on, then slowly
increase the D.C. applied to the dissociator RF
gscillator. Observe current and voltage.

f) at a supply voltage of about 10 V the current will
sharply increase indicating oscillation. Continue
increasing the voltage.

g) at a voltage between 12 and 20 volts the hydrogen
discharge should start

h} connect voltmeter to 5.7 kHz maser signal and wait
until maser oscillates

i) reduce maser C-field until 5.7 kHz starts to
decrease

j) tune oscillator for maximum signal

k) reduce D.C. to zero and repeat turn on cycle. IF

discharge does not start, turn oscillator tuning
in a clockwise direction (one turn) reduce supply
voltage to zero and repeat the process until the
discharge will start when the supply voltage 1is
brought up

Dissociator replacement

The process is essentially the same as -1 above, except
that the initial discharge obtained may not be satifac-
tory for full maser operation. In this case, after
discharge is initiated, wait until the rich pink glow
is obtained before proceeding as above. This may take
several days depending on the "burn in" time regquired
by the replacement dissociator.
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Cavity pulling factor, line Q (Qy)

Cavity pulling factor is defined

Maser freq. change =

pulling factor X cavity freq. change

For a known pulling factor, the maser line Q (Qg)
may be determined from the relation

Qc
pulling factor (k) = Qg where
Qc = cavity Q.
Qc
Thus Q3 = k .

Cavity Q {Qc} is recorded in the maser log-book
(as is Qg for the initial maser measurements).

To measure k or determine Qj, make frequency
pulling test as described for spin exchange
tuning, § 3.11.5 keeping dissociator pressure

constant.

Cavity frequency change is determined from cali-
bration curve in the log book, maser fregquency
change is measured; k and QQ may be calculated.
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Fig. 7.1 ¢+ EF O 8

HYDROGEN MASER
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